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IONIZATION  WAVES  FROM  FREE  SURFACES  OF  DETONATING  .,SIVL5 
A.  Bauer,  M.  A.  Cook,  and  L.  A.  Rogers 


ABSTRACT 

Ionization  waves  ejected  from  the  free  surface  of  condensed  high 
explosives  in  various  gaseous  media  at  ambient  (about  645  nrn)  and  0.5  mm  Hg 
pressures  are  described.  Framing  camera  and  streak  camera  photographs 
correlated  with  electrical  conduction  measurements  showed  that  a  highly 
ionized,  either  highly  luminous  or  completely  transparent,  precursor  wave 
led  both  the  shock  wave  and  the  main  products  of  detonation  propagated  from 
the  free  surface.  At  0.5  mm  Hg  this  wave  was  transparent  and  non-i^minous, 
but  it  always  produced  a  burst  of  luminosity  upon  collision  with  the  end 
plate  of  the  vacuum  chamber  several  microseconds  before  the  opaque  detonation 
products  impacted  the  end  plate.  Measured  ionization  wave  pressures  were 
compared  with  computed-ones  for  shock  waves  moving  at  the  same  velocity  in 
the  same  gas.  The  measured  pressures  were  in  general  several  times  greater 
then  the  pressures  computed  by  shock  wave  theory  for  the  observed  velocity 
and  initial  pressure  and  up  to  20  times  greater  than  for  the  shock  computed 
by  the  impedance  mismatch  equation.  The  waves  from  t>'e  explosive  free 
surface  appear  to  be  highly  ionized  material  radiated  from  the  free  surface 
of  the  explosive  as  a  precursor  wavi  similar,  for  example,  to  the  (electron) 
precursor  waves  observed  by  Weyman  and  by  Gloetscn  in  shock  tubes. 
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Introductlon 

I  When  a  condensed  high  explosive  is  detonated  an  ionit'tio;..  wave  is 
ejected  from  its  free  surface  Into  the  surrounding  gaseous  medium.^  ^  'rhis 
ionization  wave  may  be  luminous,  transparent,  or  dark  and  opaque  depending 

I 

upon  the  gas  medium  and  the  pressure.  While  this  school  has  maintained 
that  this  ionization  wave  is  a  dilute  plasma  moving  in  front  of  the  shock 
wave,  Others  have  regarded  It  simply  as  the  shock  wave  itself  in 

which  Ionization  occurs  in  a  normal  and  predictable  manner  by  thermal 
ionization.  This  article  presents  additional  evidence  that  this 

j 

ionized  wave  is  actually  separated  from  t^e  slower  moving  shock  wave  and 

i 

contains  free  electrons  at  concentrations  frequently  quite  different 
than  in  normal  thermal  ionization  In  shock  waves.  Data|  obtained  from 
streak  camera  and  color  framing  camera  sequences  correlated  with  electrical 
conduction  measurements  for  shots  in  various  gaseous  media  at  ambient 
(about  645  mm)  and  at  0.5  mm  Hg  pressure  are  used  to  distinguish  these  waves 
as  well  as  measured  pressures  compared  with  Hydrodynamically  computed  pressures 
for  shocks  in  the  medium  in  question  traveling  at  the  same  velocities  as  the 

observed  ionization  waves.  Comparison  of  the  observed  velocities  With 

\  \  • 

velocities  computed  for  shock  waves  transmitted  from  free  surfaces  afe  also 

described  in  support  of  the  precursor  ionization  wave  concept. 

it 

I  -  . 

Experimental  Methods 

I  For  correlation  studies  a  streak  came.  i  and  framing  camera  were  in 

1 

tome  cases  operated  synchronously  i-n  order  to  obtain  both  recordings  of  the 
iame  event.  Such  simultaneous  streak  and  framing  photographs  provide 
Valuable,  if  not  Indispensable  information  for  interpretation  of  detonation 
phenomena  at  free  surfaces. 

fQ  Q\ 

Pressure  measurements  were  made  by  the  "aquarium"  technique  •  by 
impacting  the  wave  in  question  into  a  transparent  medium  and  observing  the 
Initial  ahock  wave  velocity  in  the  transparent  medium.  Pressures  were 
Obtained  from  pressure  vs  velocity  calibration  curves  from  which  the  pressure 


: 
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in  the  transparent  medium  was  thpn  related  to  that  in  the  wave  b>  the 
^'impedance  mismatch"  equation^* ^  - 


P.v.  + 

p  _L_l - 

M  7  r  V 


Here  P  “.pressure  of  wave,  P  •  pressure  of  shock  wave  in  water  (or 
plexiglas),  »  density  of  the  gaseous  media,  V  •  velocity  of  wave, 
p  *  density  of  water,  and  *  velocity  of  shock  wave  in  water  at  impact 
surface.  The  values  of  V  and  V  were  obtained  with  the  streak  camera. 

f!  i  W 

For  study  of  various  gaseous  media  at  6i3  ram  Hg  pressure  glass  aquaria 
6"  X  6"  X  12"  were  used.  The  explosive  was  mounted  inside  the  aquarium, 
c'overed  and  thoroughly  flushed  with  the  desired  gas  before  and  during  the 
ahot.  For  pressure  measurements  water  was  poured  into  the  aquarium  to  a 
depth  of  severafrTnche s  and  the  wave  impacted  into  it  after  traveling 

.f 

through  the  gas  in  question. 

I 

When  bare  explosives  were  fired  near  the  water  surface  it  was 
impossible  to  separate  the  ionization  wave  from  the  normal  detonation 
Shock  wave  owing  to  insufficient  resolution.  To  overcome  this  the 
assembly  shown  in  Fig.  1  was  used.  The  ionization  wave  ejected  from 
the  explosive  and  moving  ahead  of  the  normal  shock  wave  was  compressed 
As  it  was  "extruded"  up  the  narrowing  flask  and  into  the  relatively 
imalL  diameter  tubing. ^  The  compressed  ionization  wave  was  then, 
impacted  into  the  water  (or  plexiglas)  for  pressure  measurements  before 

the  much  more  intense  blast  wave  from  the  main  charge  impacted  a  short 

h 

time  later  to  transmit  an  over -pow^r ing  shock  into  the  gage  medium.  Fig.  2 

shows  framing  camera  sequences  of  an  ionization  wave  being  extruded  into 

? 

,the  tube  and  the  shock  generated  in  rhe  water  by  the  extruded  ionization 


|  For  the  studies  at  0,3  mm  Hg  pressure  Uv  method  shown  In  Fig.  3 
Was  used.  The  system  was  thoroughly  flushed  with  the  desired  gas,  sealed 
and  evacuated  to  0.5  mm  Hg  as  measured  with  a  Stokes  McLeod  gage.  The 
■gases  used  In  these  studies  were  commercial  products,  i 
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Electrical  conductivity  measurements  were  made  wiph  the  method  soen  in 

Fig.  3c  the  constant  voltage  Eq  (Fig.  3c)  was  divided  between  the  known 

internal  resistance  (F^)  and  the  unknown  resistance  (R^)  offered  by  the 

ionization  wave  as  it  passed  into  the  region  between  the  probes.  By 

measuring  the  voltage  drop  across  R^  the  value  of  was  found.  The 

conductivity  of  the  ionization  wave  was  determined  by  applying  a  calibration 

probe  factor.  (  o  "  K/R  •  whore  a  *  conductivity,  K  probe  factot) .  The 

P  \ 

probe  factor  K  was  determined  by  inserting  into  the  plastic  tube  a  'small 

length  of  pipe  of  the  same  inside  diameter  as  the  plastic  tube  and  wich 

a  wire  at  its  axis.  With  this  known  concentric  geometry  the  conductivity 

(4) 

0  was  calculated  from  the  equation 


K  1_  In  b^a 

R  "  P  2-1 
p  P  L  J 


j  p  p  L  J 

Where  b  *  inside  radius  of  cylinder,  a  *  radius  of  inside  wire.  1  *  length 

6f  cylinder.  Table  IV  lists  the  experimental  data  and  probe  factor. 

i 

t 

j  Shock  waves  transmitted  from  the  high  explosive  through  thin  inert 
plates  were  observed  by  the  streak  camera  by  means  of  back  lighting  with 

f 

a  parallel  light  source. 

i' 

» 

Experimental  Results 
|  Luminosity 

7  Qualitative  luminosity  results  are  given  in  Table  1  and  a  few  frames 

i 

from  several  typical  framing  camera  sequences  are  shown  in  Fig.  4.  Ionization 
wave  velocity  data  are  given  in  Table  II.  i';  te  that  the  velocity  of  the 
Ionization  waves  decreased  with  Increasing  gas  density.  An  important  factor 
Other  than  the  density  of  medium  influending  velocity  of  the  ionization 
Waves  is  the  ionization  intensity  which  is  determined  by  the  chemical 
nature,  density,  diameter  and  length  of  the  explosive  as  illustrated  in  • 

Fig.  5.  Because  of  the  many  variables  Involved,  no  extensive  analyses  of 

r 

ionization  wave  attenuation  and  life -time  were  made  In  this  study,  these 


'factors  having  been  discussed  previously . ^ ^ 
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.  liable  I:  Qualitative  comparisons  of  visible  light  intensity  l-'i  ionization 
*  wavS£“p?opagated  through  various  gases  at  ambient  pressures. 

\ 


Explosive 

{ 

w 

I 


Gaseous  atmosphere  Ionization  Visible  luminosity 

potential 
(  e.v.) 


D-13* 

Argon 

|d-13 

Air 

! 

Nitrogen 

| 

i 

i 

a 

Oxygen 

Carbon  monoxide 

1 

■/: 

Carbon  dioxide 

f  D-13 

Ammonia 

f 

i 

%  J 

o 

Chlor ine 

|  D-13 

f 

Propane 

f  D-13 

I 

Helium 

l 

$ 

Hydrogen 

I  Composition  B  and  tetryl  Helium 

I 

'i 

I 

| 

|  Composition  B  Air  Vacuum 


15.7 

Extremely  brilliant 

--  . 

Bright 

15.5 

Bright 

12.5 

Bright 

14.1 

Bright 

14.5 

Bright 

11.2 

Moderately  bright 

13.2 

Moderately  bright 

-  - 

Non  luminous -dark  cloud 
forms 

24.5 

No  detectable  luminosity 
transparent  cloud  only 

15.6 

Same  as  in  He 

24.5  | 

Weak  momentary  light  at 
\  charge  surface.  No 
\  luminosity  at  long 
distances  from  charge 

Very  low  to  no  luminosity 
depending  on  actual 
pressure 

|  *  D-13  •  63/24/13  HNO^ /nitrobenzene /water 


Table  II;  Ionization  wave  velocities  in  various  gases  at  ambient  pressure 


Explosive 

Gas 

Velocity  (m*sec) 
of  lont/ation  Wa«e* 

Comp.  B* 

Ait 

8J20 

Argon 

8570 

Helium 

8*70  \ 

Hydrogen 

10400 

Air  at  0.5  mm  Kg 

1 4000 

D-13** 

Propane 

5400 

- - — 

Carbon  dioxide 

5450 

Acetylene 

6100 

Argon 

6*00 

Nitrogen 

6,00 

Carbon  monoxide 

7200 

Helium 

7400 

Hydrogen 

5150 

Comp  B** 

Propane 

6650 

Helium 

8150 

PETN** 

Helium 

7300 

*  Velocity  2  cm 

away  from  charge  as 

measured  with  streak  camera 

**  Approximate 

velocity  determined 

from  framing  camera  sequence 

averaged  over  8 

to  12  frames  while  ionization  wave  traveled  to  about 

15  cm  from  charge  surface. 

\  d.  wave  from  Comp.  B  into  helium  \ \ 

I 

| 

\ 

Plgi  4.  selected  framing  camera  photographs  of  ionization  waves  ejected  from  explosive 
|  free  our  facesJ,nlo  various  gaseous  media.  Frame  numbers  shown.  (1.39  (isec/frame) 


e.,f  high  voltage  discharge  (approx.  20  K.V.)  across  wave  from  D-13  into  helium 


f.  bur&v  of  luminosity  generated  when  transparent  wave  from  D-13  traveling  in  helium 
impacted  end  of  chamber. 

j 

I 

f 


I 


k 

'$ 


8*  | wave  from  D-13  traveling  first  in  helium  and  then  in  air.  Thin  polyethylene 
]  separates  gas^s. 

I 

I 

s 

Pig.  4. 

| 

f 


i 


Selected  framing  camera  photographs  of  ionization  waves  ejected  from  explosive 
free  surfaces  into  various  gaseous  media.  Frame  numbers  shown.  (1.39  psec/frame) 
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?  Ionization  and  Shock  Wavs  Pressure? 

}  " 

'  l 

|  Results  of  oeasurement  of  the  ionization  wave  pressures  err  given  in 

■5 

Table  III  along  with  corresponding  values  calculated  from  shock  wave  theory. 
Pigs.  6  and  7  show  graphically  the  results  of  press ;re.  ard  velocity 
measurements  as  a  function  of  gas  density. 

I 

'h  Conductivity 

| 

»  Estimates  were  also  made  of  the  rate  of  decay  of  conduction  of  the 
ionization  waves  as  they  propagated'  away  from  cV  free  surface  of  the 
charge  in  various  gaseous  media.  Pigs.  8  and  9  snow  plots  of  the  conduction 

as  a  function  of  time  using  bare  parallel  probes.  Jo  these  tests  the  ends 

•  a  I 

of  the  probes  were  cast  into  1-1/2  "  X  1-1/2"  pentolite  charges  with  about 
20  cm  of  gaseous  medium  above  the  charge.  Toe  probes  were  placed  5  mm  apart. 
This  afforded  a  uniform  conductivity  inside  the  pentolite  as  a  reference  to 
the  (integrated)  conduction  in  the  freely  expanding  ionization  wave.  The 
"base  line"  as  seen  in  Fig.  8  was  obtained  by  insulating  the  probes  down 

t 

to  the  surface  of  the  explosive,,  the  surface  being  coated  with  grease.  Thus, 
the  base  line  defined  the  internal  explosive  conduction  zone  so  thalf  conduction 
above  this  line  was  related  to  the  intensity  of  the  ionization  wave>  and  the 
density  and  composition  of  the  gaseous  medium. 

f.  In  order  to  obtain  maximum  conduction  as  a  function,  of.  distance  from 
th'>  charge  ratheF  than  integrated  values,,  point  probes  (0.5  cm  gap)  were 

mounted  perpendicular  to  the  charge  axle  at  various  distances  from  the 

k 

charge.  This  method  also  employed  1-1/2"  X  1-1/2"  pentolite  charges 
and  free  expansion  of  the  ionization  waves.  The  curves  all  extrapolated 
to  a  common  point  at  the  charge  surface.  Conduction  data  for  compressed 
ionization  waves  as  measured  by  the  method  in  Fig.  3a  are  given  in  Table  IV. 

The  1/16"  D  probes  in  this  case  extending  insld«  r.h*  9  mm  X.D.  plastic  tube 
Were  about  5  mm  apart.  The  shapes  of  the  oscilloscope  trace*  shown  in 
Fig.  10  are  characteristics  of  the  gases  used  (allowing  for  statistical 

M 

fluctuations) . 
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Table  III: 


Experimental  and  computed  pressures  (assumed  shock)  in  various  gases  (Composition  B 
charge) 


Gas' 

't 

\ 

N 

Vi 

M 

Pw 

Pi 

P8 

*i!u 

1.  Air 

0.001 

3 

17.0  +  0.1 

51.3 

Below  experimental  limit 

2(0^  mm  Hg) 

0.075 

3 

16.8  +  0.2 

50.6 

1.4  +  0.2 

0.70  +  0.10 

0.21 

3.34 

3.  He 

0.150 

3 

16.6  +0.15 

50.0 

1.2  +  0.2 

0.60  +  0.10 

0.41 

1.46 

4.  NH3 

0.650 

3 

12.0  +  0.2 

36.2 

5.4  +  0.4 

2.71  +  0.20 

0.94 

2.89 

5-  SH2  • 

0.969-^1 — 

11.0 

33.2 

10.7 

5.37 

1.19 

4.51 

6.  Air 

1.09 

6 

11.0  +  0.1 

33.2 

7.9  +  0.2 

3.98  +  0.09 

1.32 

3.02 

7-  °2 

1.21 

2 

11.45  +  0.15 

34.5 

7.3 

3.68 

1.59 

2.32 

8.  A 

1.50 

3 

9.4  +  0.03 

28.3 

4.1  +  0.2 

2.06  +  0.10 

1.32 

1.56 

9*  f°2 

1.66 

2 

10.3  +  0.05 

31.0 

11.3  +  0.6 

5.69  +  0.30 

1.76 

3.23 

i°  *1  c3Ha 

1.70 

,  3 

10.2  +  0.2 

30.8 

12.9  +  0.5 

6.50  +  0.25 

1.77 

3.67 

11.)  Cl„ 

4  t- 

2.70 

3 

9.3  ±  0.1 

28.0 

12.5  ±  0.3 

6.28  ±  0.23 

2.33 

2.70 

P1  »  initial  density  of  gas  (g/cc) 

velocity  of  Ionization  wave  extruded  into  plastic  tube  (km/sec) 

Pw  *  pressure  in  water  as  determined  by  measured  shock  velocity  and  calibration  curve  (kb) 
p^  /■  pressure  In  incident  wave  as  determined  by  the  impedance  mismatch  equation  (kb) 
p  ■  computed  pressure  of  shock  wave  moving  at  the  observed  velocity  V  of  the  ionization 

Si.  P 

i  wave  in  same  gaseous  medium  (p^  +  p^  «  p  V  up 

'■  particle  velocity  in  shock  wave  of  velocity  V  and  pressure  p^,  (km/sec) 

M  *  mach  number 

'i 

N  4  number  of  shots 
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Table  IV: 

A.  Conduction  In  compressed  Ionization  waves 


Gas 


Ambient  Pressure 


0.5  mm  Hg  Pressure 


p 

1 

.1 

i 

c 

Argon 

R  (ohm) 

0  (ohm  cm) '  L  (cm) 

R 

o 

L 

K 

0.6 

c 

0.5 

c 

Air  f 

0.6 

0.5  16.5 

1.2 

0.25 

30 

dry  gen 

0.6 

0.5 

-- 

— 

-- 

Chlorine 

1.0 

0.3 

— 

-- 

-- 

Ammotiia 

1.9 

0.16 

-- 

— 

-- 

Hydrogen 

2.3 

0.13  25 

1.5 

0.20 

1 

30 

Helium 

2.5 

0.12 

-- 

\ 

--  \ 

-- 

j 

Acetylene 

10.0 

0.03 

— 

— 

-- 

Propane 

52.5 

0.006  12 

1.7 

0.18 

30 

*  | 

L  m  length  of  ionization  wave 

c  t 


Absolut econduct tv ity  data  for  compressed  ionization  waves 
from  equation  2  where  b  *  0.416  cm,  a  *  0.159  cm 


length- (cm) 
2.54 
3.81 
5.08 


o  (ohm  cm) 
0.28 
0.39 
0.40 


-1 


]f  -measured  probe  factor 

1.  0.23 

2.  0.31 

3.  0.38 


iFlg.  6  Measured  vs  computed  Ionization  wave  (or  shock)  pressures  as  a 
>■  function  of  density  of  gaseous  medium. 
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P 

i 


f 

p 


?■ 

i 


DENSITY  OF  GAS  (gm/l) 


Fig.  7  Graphical  correlation  of  data  in  Table  I. 
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1 

- - various  gaseous  media 

>robes  cast  in  explosiv 

|  >e= 

*r  — 

1 

to  conduction 

i 

i 

explosive  circuit 

1  ^sec/cra 


Fig.  8  Plots  of  oscilloscope  traces  of  conduction  in  various  gases  as  a 
I  u  function  of  time  (or  distance)  of  propagation  of  ionisation  wave 
i  c  from  the  explosive.  R  -  9  n,  E  -  *5  volts,  parallel  probes  «  1  cm 

1  apart.  1 

I' 


DISTANCE  FROM  PENTOLITE  SURFACE  (cm) 


.  Fig.  9  Maximum  conduction  of  freely  expanding  ionization  waves  as  a  function 
of  distance  from  free  surface  of  1-1/2"  X  1-1/2"  D  pentolite  charge. 

■  Constant  R.  and  E  . 
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;  In  comparing  verticle  gain,  however,  note  that  R^.  was  varied  and  the  data 
|  needed  to  be  normalized.  When  comparing  the  pulse  duration  it  must  be 
1  remembered,  moreover,  that  the  ionization  traveled  at  a  different  velocity 

/j 

I  for  each  gas  (Table  III) .  The  conduction  data  listed  in  Table  IV  also 
*  include  data  from  a  series  of  probe  shots  where  two  sets  of  probes  were 
yused  in  the  plastic  tube  a  known  distance  apart,  and  yielded  an  oscilloscope 
I  trace  with  two  humps  in  it.  This  permitted  comparison  of  the  ionization  wave 
I intensity  and  velocity  with  the  luminosity  and  velocity  determined  by  the 
[streak  camera. 

|  The  observed  conductivity  data  for  air  and  hydrogen  are  compared  with 

| data  computed  from  shock  wave  theory  listed  in  Table  V.  The  relative  values 

jr 

1  listed  permit  observations  and  theory  for  air  and  hydrogen  to  be  compared 

i 

Jwith  the  uncertain  probe  factor  eliminated.  The  calculations  for  hydrogen 

.were  performed  at  this  laboratory  and  a  description  is  given  in  Appendix  I. 

I  The  shock  theory  conduction  data  for  air  were  taken  from  Gilmore^*^  and 
?  (12) 

j  Meyer.  Gilmore  solved  the  equilibrium  conditions  for  the  many  species 


1 

! 


of  particles  in  an  air  shock  and  tabulated  the  number  of  free  electrons  per 


|  air  particle  for  a  given  initial  pressure,  conductivity  in  an  air  shock 
from  the  expression 


n  € 
e 


M  C  En.Q. 
e  e  n  j'j 


I 


|  where  o  *  conductivity,  n  ■  number  density  of  free  electrons,  n. 


(3) 


number 


\  electron  charge,  M  ■  electron  mass,  k  ■  Boltzmann  constant.  The  only 

6 


e.  -  -  J 

|  density  of  ion  species  j,  Q,  "Maxwell  averaged  total  electron  collision 
|  J .  1/2) 

|  cross-section  of  species  j,  C  ■  mean  speed  of  electrons  ■  (8kT/nM) 
l  e 

3n 

t  difficulty  is  in  obtaining  a  value  for  Q, .  At  high  temperature  the  positive 

f  .  —  \ 

|  ions  become  the  dominant  electron  scattering  centers  by  introducing  a 

I  coulombic  effect  between  the  ion  and  electron.  While  the  cross-section  of 

i  _i5  2 

|  neutral  air  atoms  remain  approximately  constant  (2  .10  cm  )  over 

q  - 

|  experimental  temperature  ranges  the  ion  cross  sections  due  to  coulomb 


t 


'  Table  V: 


? 

Experimental  conductivities  compared  with  shock  theory-computed  conductivities 

i  ! 

.  \ 

A.  Air 

1 

i 

i  : 

I 


Probe 


location 

f 

Po 

°*  °645/o0.5 

Vi 

'  T2 

o 

a 

— 

a 

a*?. 

W“0.5 

Near 

645 

0.012 

8.6 

13 

10 

29 

charge 

surface 

0.5 

0.5 

0.006 

15 

17 

0.014 

130 

0.2 

% 

Extruded 

645" 

0.52 

11 

17 

10 

130 

into  3/8" 
plastic  tube 

0.5 

2.0 

0.26 

17 

19 

0.013 

160 

•  0.8 

B. I  Hydrogen 


1 

j 

po 

W°0.5 

Vi 

T2 

°***  *645/a0.5 

Extruded 

645 

0.13 

16.3 

5.0 

9.25-10-6 

into  3/8" 

0.6 

-6  82 

tube 

0.5 

0.20 

17.0 

3.3 

0.11*10  0 

Vt5-  velocity  of  ionization  wave  (km/sec) 
pi*  Initial  pressure  of  air  (mm  Hg) 

T J  ■  temperature^TEr"sKbck  wave^^  (°K*10”^ 

p_/p  *  density  ratio  between  shock  front  and  initial  density'  , 

*  °  -1-1 
0  *  conductivity  in  ohms  cm 

$ 

*  j  using  experimental  K  from  Table  IV  b. 

**  from  Pig.  12 

***  calculated  from  shock  theory 
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(2\'\  -12  2 

interaction  vary  v  from  about  10  cm  at  Low  temperatures  (3000°>  to  values 
-15  2 

approaching  10  cm  at  high  temperaeutes  (>20.0^°  ,.  With  assumption1;  of  how 

-  f. 

/varies  with  T ,  Meyer  calculated  electrical  conductivities  in  at*  air  shock. 
Figs.  11  and  12  are  taken  from  the  work  of  Gilmore  and  Meyer. 


i  True  Shock  Velocity 

I  Shock  wave  velocity  measurements  were  made  for  shocks  transmitted  from 
Composition  B  through  aluminum  plate?  ioto  air  and  at  got.  The  plates  were 
solthin  the  pressure  drop  of  the  shock  wave  in.  the  plate  was  small.  The. 
velocities  obtained  were  4.4  km/sec  for  the  s^tek?  transmitted  into  air  and 
3.815  km/sec  for  those  transmitted  lr.to  srg>r. 

i 

I 

Discussion  of  Results 

V. 

I 

?  Source  of  Luminosity  and  Ionization 

I  (6  75  * 

.«■  The  detonation-generated  plasma  concept  has  been,  criticized'  ’  '  on  the 

basis  that  the  observed  luminosity  is  dimply  the  result  of  thermal  ionization 

and  recombination  in  a  shock  wave,  the  difference  for  example,  between 

conductivities  in  air  and  helium  presumably  being  caused  by  the  greater 

ioni ration  potential  of  helium.  Luminosity,,  however,  is  not  really  the 

criterion  that  determines  the  existence  or  non-existence  of.  a  plasma.  In  a 

■/ 

hydrogen  atmosphere  luminosity  Is  also  lacking  ev^n  though  its  ionization 
potential  (15.6)  is  less  than  that  of  the  most  brilliant  luminosity  generator, 
atgon.  One,  of  course,  realizes  that  the  shock  wave  pressure  would  be  much 

higher  In  argon  than  in  hydrogen.  When  Coropc Uon  is  detonated  in  helium 

\ 

otte  docs  observe  luminosity  (Fig.  4d)  over  a  shor.  distance  from  the  charge 
and  this  itself  is  a  phenomenon  that  can  hardly  b*  explained  by  a  shock 
mechanism.  Also,  although  the  luminosity  disappears  in  i  very  short  period 
(•  3psec)  the  ionization  continues  in  helium.  Wh.r  less  powerful  Dlt'h.ekite-13 
was  used  there  was  no  visible  luminosity  but  still  strong  ionization  was 
observed.  Clearly,  one  needs  to  distinguish  between  the  ionization  wave  from 
the  explosive  and  the  ionization  induced  bv  a  *hock  wave  in  a  gaseous  medium. 

I  V 

I 

! 

1 

>  - 


[:  (h) 

Previous  electrical  conduction  work  and  ~e  da*  a  ob*aired  here 

(fig. 1 8, 9)  serve  to  distinguish  between  the  two  sources  of  ionisations.  In 
addition  to  the  data  reported  here,  unpublished  spec* roscopic  studies  of  the 
ionization,  wave  ,  or  plasma,  in  argon  showed  ca-ton  as  well  as  argon  in  the 

v'l  30 

luminous  wave  front.  Furthermore,  Funk,  et  al  '  stowed  that  the  luminosity 
of  the  ionization  wave  may  be  readily  modified  by  chip  films  or  coatings 
placed  on  the  free  surface  of  the  charge :  e.g.  *vlr  layers  ef  alumirum, 

magnesium,  lead,  grease,  etc.  | 

.  *.  \ 

\ Dithekite-13  was  used  for  some  of  the  present  study  because  its  products 

l 

of  detonation  (since  it  is  oxygen  balanced)  are  -.r«r  ~pa-enr..  Ir  Fig.  4b.  c, 

4 

for  example,  the  presence  of  detonation  products  ir  the  transparent  region 
behind  the  Ionization  wave  can  be  detected  only  by  4  distortion  of  the 
backlight  grid.  Close  observation  of  the  ionizarior.  waves  in  hydrogen  and 
helium  reveals  a  diffuse,  non -luminous  zone  at  the  front  of  the  detonation 
products  that  corresponds  to  the  luminous  zone,,  for  example,  in  oxygen  (Fig.  4a). 
This  fuzzy  zone  is  not  due  to  a  shock  wave  alone  si-ce.i*  is  too  wide  to  be 
attributed  to  possible ^amera  smear  effects  a-d  covers  only  the  front  part  of  the 
detonation  product  wave.  Furthermore,  with  the  tyj. *■  .of  diffuse  backlighting  used 
in  Fig.  4,  one  is  not  able  to  resolve  gaseous  shocks  of  the  small  magnitude 

involved.  Special  techniques  such  as  Schlieren  or  parallel  light  are  reeded 

•? 

to  observe  the  gaseous  shocks.  N  The  fact  tr.a*.  the  fuzzy  zone  in  helium 
is  conducting  is  seen  in  Fig.  4c  where  the  high,  voltage  arc  (approximately 
20  K V)  discharges  as  the  zone  reached  the  H.v  .  p^oV 

f 

|  The  low  conduction  (Figs.  8,9)  in  hydrocarhop  ga, ■;<•'«,  and  hydrogen  and 
ammonia,  is  explained  on  the  basis  of  electron  trap*  <!•>:•.  •:■*>  breaking  of 
chemical  bonds  involving  hydrogen  atoms  which  soak  up  the  free  electrons. 

Cracking  is  strong  In  propane  where  the  ionization  wax-  generates  a  dense 
black  cloud  and  It'S  electrical  conduction  then  become.*,  nil.  On  the.  other 

’  b 

hand,  as  shown  below,  In  many  cases  Ionization  of  appreciable  magnitude  is 
generated  by  the  shock  wave,  e.g.,  In  argon  and  air. 


-24- 

Even  though  the  ionization  waves  in  hydrogen  and  helium  were  non-luminous 
they  always  generated  high  luminosity  upon  impacting  a  glass  or  plastir,  e.g., 
the  walls  of  the  containers.  For  example,  the  chamber  end  may  be  seen  in 
Figs.  4,  13  and  14  to  be  illuminated  well,  ahead  of  the  oncoming  dark  detonation 
products.  For  instance,  in  Fig.  13a  the  illumination  occurred  2.3  paec  before 
the  massive  detonation  products  reached  the  end  plate,  and  in  Fig.  13c,  involving 
a  smaller  vacuum  chamber  and  Comp.  B/AN  explosive  *  *  7.4  Wetc)  the  end  of 
the  chamber  may  be  seen  to  have  been  illuminated  eve-  before  the  detonation 
reached  the  end  of  the  charge.  For  the  latter  case  .2-,  material  causing 
illumination  came  from  off  the  sides  of  the  charge  and  reached  the  end  of  the 
chamber  well  ahead  of  the  detonation  owing  to  the  extremely  high  velocity  of 
this  pricusor  wave.  In  Fig.  14  although  tie  chamber  end  plate  was  illuminated 
well  ahead  of  the  detonation  products  impact  on  the  plate,  the  pressure  in  the 
ionization  wave  produced  no  detectable  shock  wave  (observable  by  this  particular 
technique)  in  the  plexiglas.  It  was  several  microseconds  later  before  the  cloud 

’f 

of  detonation  products  impacted  the  plexiglas  and  generated  the  shocks  sden  in 

Fig.  14'.  ^  - 

n 

Shock  vs  Ionization  Wave  Pres  cures 

The  observed  consistently  high  values  of  pressures  in  compressed  ionization 
waves  (Table  III)  over  corresponding  pressures  computed  for  shocks  traveling  in 
the  same  medium  at  the  same  speed  is  noteworthy.  By  themselves,  comparisons  of 
observed  vs  computed  pressures  may  not  be  suffici  r-.t  to  rule  out, the  possibility 
cf  a  shock  mechanism.  It  may  be  ar gu-d,  for  example,,  that,  t: he  impedance  mismatch 
equation  may  not  apply  with  sufficient,  accuracy.  '  ^  the  other  hand,  evidence 
presented  below  shows  that  the  actual  shock  wave  velocity  for  the  true  shock  is 
less  than  half  the  velocity  of  the.  ionization,  waves.  Hence,  the  actual  or  true 
shock  wave,  pressure  is  only  about  one  •fourth,  as  great  as  the  value  computed  by 
assuming  the  shock  wave  velocity  no  be  the  same  as  the  ionization  wave.  On 
this  basis  the  measured  ionization  wave  pressures  were  10  to  ,20  times  greater 
than  the  pressures -ift  The" true  shock  waves  transmitted  from  the  explosive  into 
the  gaseous  medium, 
i 

j 

! 

‘f 

I 

{ 

| 
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_ 

1.4*  £*Jt.y*r  , 
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1 
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i 
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1 

?? 

I 

Fl?.  13.  Framing  camera  sequence  and  set  up  for  vacuum  shots. 

■*«* 

t 

I 

, 

I  The  conductivity  data  cav  a i.?c  criticized  on  several  points,  for  example 
it  may  be  argued  that  surface  conductivity  effects  between  the  probe?  caused 
inaccurate  measurements,  hence  an  inaccurate  prob*  factor.  On  the*,  other  hand, 
it  should  be  noted  from  the  results  cf  'table  TV  that  the  conduction  was  almost 
independent  of  the  composition  of  gaseous  medium.  Likewise,  the  length  of  the 
conducting  tone  waslndependent  of  the  gaseous  medium.  Tr.ia  would  be  expected 
only  if  the  conduction  were  da*  to  ionised  gaseous  products  from  the  explosive. 
The  shape  of  the  conduction  curves  is  also  significant  in  that  there  was  a 
gradual  rise  of  conduction  as  the  ionization,  wave  reached  the  probes,  whereas 
the  conduction  for  pure  shock  .(Fig.  15)  ha-  a  more  sudden.  ri3e.  The  fact  that 
conduction  over  the  probes  (in  free  e-xpancto-.  with  no  wall  effects)  Increased 
gradually  indicates  that  there  is  ar,  increasing  density  of  electrons  leading 
up  to  the  shock  front. 

I 

■§ 

>  "Precursor"  ionization  Wave? 

*;  f“  if--,”  "  r  .■r««ni»j---iiiit .  iM.wnw*  ■■  ■■  a  j 

|  It  is  not  unexpected  that  electrons  ard  perhaps  low  mass  ions  would  be 
radiated  ahead~0i "a 'snook  owing  to  its  high  thermal  gradient.  The.  high 
temperature  of  the  shock  (e.g.> 10 ,000 ’•’*(»  coupled  with  the  low  ambient 
temperature  ahead  of  the  shock  presents  a  tremendous  driving  force  quite  as 
effective  as  an  electrical  potential  gradient  for  separating  the  low  mass 
electrons  from  higher  mass  ions.  Thus,  It.  is  not  really  surprising  that 
ilec irons  and  the  lighter  ions  are  able  to  di.f. f  -  .,?e  through  and  move  ahead 

i  r 

6f  the  shock  front.  Most  of  the  ionized  material  in  ire  Ionization  wave 

i 

definately  originates  (from  cbemlor  izatior.)  hi..*  explosive  surface,  and  is 

J 

ejected  into  the  gaseous  medium.  when.  the.  detonation  reaction  s.one  emerges 
from  the  explosive  free  surface.  A?  thn  surface  layer  of  explosive  is 
encountered  by  the  detonation,  reaction  som-»  of  t.'*.*  explosive  is  projected 
■forward  while  it  Is  still  undergoing  reaction  and  i*  thus  projected  into  the 

§,  f  »(i\ 

.gaseous  medium  before  decay,  promoted  by  high  density,  *  '  has  time  to  take 
i plat a. 

I  (is) 

<£  The  precursor  ionization  wave  phenomenon  has  be^n  observed  by  Weyman  '  ' 

| and  by  Gloersen^^  and  others  in  sMck  tube  studies.  Free  electrons 

radiated  ahead  of  the  shock  wive  were,  detected  bv  W-'.vm.sn  at  more  than  a  meter 

I.  ‘  * 
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Fig.  15.  Assembly  and  resulting  conduction 
steel  plate. 


men.ureffl.nt  of  .hock  In  «lr  driven  hy 


In  front  of  the  shock  wave  and  the  General  Telephone  and  Electronics  Laboratories 

( jo V  11  13  ' 

'  determined  electron  density  of  10  to  10  electrons/cc  build  up  over  a 

distance  of  approximately  15  cm  in  front  of  the  shock  wave  in  a  shock  tube. 


> 

h 

|  Velocity  of  Shock  Generated  by  High  Explosives  in  Gaseous  Media 

i 

;  The  more  general  assumption  is  that  the  brilliantly  luminous  ionization 
waves  from  high  explosives  are  simply  Intense  air  shock  waves  in  which 
ionisation  arises  by  thermal  means.  It  has  generally  been  overlooked  that  the 
observed  velocities  would  imply  a  breakdown  of  the  hydrodynamic  theory  of 
transmission  of  shock  waves.  That  is,  if  the  ionization  waves  were  truly 

shock  waves  one  might  well  wonder  by  what  mechanism  they  acquire  such  high 

■  ? 

velocities  and  pressures*  i.e.  why  the  waves  radiated  from  free  surfaces  of 
high  explosives  have  velocities  about  twice  as  great  as  waves  of  the  same  or 
higher  intensity  transmitted  from  inert,  e.g.,  metal,  surfaces  into  air.  For 

h 

example,  the  velocity  of  the  observed  luminous  wave  transmitted  from  Composition 
B  directly  into  air  at  atmospheric  pressure  was  8.3  km/sec,  but  when  an  aluminum 
plate  thin  enough  so  that  there  was  no  appreciable  attenuation  of  the  wave, as 
determined  by  actual  pressure  measurements  by  the  aquarium  method  was 
placed  on  the  end  of  the  charge  the  shock  wave  was  observed  at  only  4.4  km/sec. 

•t 

For  argon  corresponding  velocities  were  8.57  and  3.85  km/sec.  respectively. 

»  Careful  examination  of  the  application  of  the  impedance  mismatch  equation 
(1)  ^has  been  made  for  shock  wave  transmitted  from  Composition  B  into  five  solids 

i; 

and  five  liquids  of  widely  different  densities.  For  the  liquids  Fig.  16  presents 
the  measured  velocity 'pressure  curves  obtained  by  the  aquarium  method.  Table  VI 
presents  the  observed  initial  shock  velocities  and  pressures  computed  from  the 
Impedance  mismatch  equation.  The  consistency  is  excellent  and  the  results  are 
in  close  agreement  with  those  of  the  Los  Alamos  group^’^  showing  that  the 
Impedance  mismatch  equation  applies  very  well  to  liquids  and  solids. 

I 

I  As  another  check  on  consistency  U^/V^  values  were  compared  with 

(v, **v) /v .  results  computed  from  the  T*it  equation  of  state  and  the  theoretical 
1  1  (19) 

equation  of  state  derived  by  Cook.  '  Table  VI  presents  parameters  used  in 

these  computations.  Note  the  excellent  agreement  between  the  observed  U. /V. 

?  1  1 
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and  computed  (v^-v)/v^  results.  (Note  that  from  hydrodynamic  theory 
Ui/Vi  ■  (v^-v)/v^.)  Considering  such  wide  differences  in  shock  impedance  as, 
for  example,  between  Composition  B  into  methanol  as  compared  with  Composition  B 
into  mercury,  magnesium,  and  copper,  the  impedance  mismatch  equation  thus  seems 
to  have  quite  general  applicability.  Even  more  significant  is  the  fact  that  it 
applies  quite  accurately  in  predicting  the  shock  velocity  (or  pressure)  of  a 
shock  transmitted— -air  and  argon  through  a  thin  metal,  e.g.,  an  aluminum 
plate, as  shown  in  Table  VI.  These  considerations  therefore  provide  strong 
evidence  that  the  ionization  waves  from  free  surfaces  of  high  explosives  are 
not  true  shock  waves  because  their  velocity  characteristics  are  quite  different 
from  those  computed  from  the  well-established  shock  wave  theory  and  the 
impedance  mismatch  equation. 


Conclusions 

i 

f  1.  Luminosity  is  observed  when  detonation  plasmas  propagate  through 
many  gaseous  media,  but  luminosity  is  not  the  determining  criteria  of  plasma 

existence.  The  luminosity  is  caused  by  interaction  of  electrons  in  the  plasma 

1; 

with  molecules  of  the  gaseous  medium  (largely  via  negative  ion  formation) .  If 

/ 

negative  ions  are  not  obtained,  i.e.,  if  there  is  no  electron  affinity,  as  in 
helium,  no  medium  (vacuum),  or  if  there  is  rapid  ionization  decay  due  to  free 

t  V 

radicals,  there  may  be  no  visible,  or  only  a  transient  luminosity  associated 
with  the  plasma  even  though  it  initially  may  be  rich  in  free  electrons. 

I  2.  The  measured  pressures  of  (compress*  ■?)  plasma  are  consistently  up 

3' 

tb  five  times  higher  than  corresponding  shock  pressure  cf  the  same  velocity. 

!  3.  Absolute  conductivity  measurements  In  air  show^ insufficient 

differences  relative  to  those  computed  for  the  shock  wave  theory,  and  are 
not  conclusive  in  themselves.  However,  the  situation  is  quite  different,  for 
hydrogen,  helium,  and  other  gases  where  shock  wave  theory  can  in  no  way 

f- 

account  for  the  high  observed  conductivities.  The  shapes  of  the  conduction 
traces  are  quite  different  than  for  shock  waves,  but  agree  more  with  the 
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concept  of  detonation- generated  plasmas  associated  with,  but  sieving  ahead  of 
thd  shock  wave . 

4.  The  precursor  ionization  wave  or  plasma  is  generated  primarily  from 
chemionization  in  the  detonation  reaction  zone  and  is  ejected  into  and  trapped 
in  the  low  density  state  of  the  shock  upon  reaching  the  free  surface  of  the 
explosive.  The  ionized  surface  material  is  then  propagated  ahead  of  the 
normal  shock  where  it  Interacts  with  the  gaseous  medium  to  produce  high 
luminosity  in  many  cases. 

•i 

I  5.  The  velocity  of  the  ionization  waves  radiated  from  free  surfaces  of 
high  explosives  are  much  greater  than  can  be  accounted  for  by  classical 
hydrodynamic  theory  of  shocks  and  is  likewise  much  higher  than  one  observes 

for'  shocks  transmitted  into  gaseous  media  from  inert  solid  free  surfaces. 
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APPENDIX  I:  THEORETICAL  RESULTS  FOR  SHOCK  WAVES  IN  HYDROGEN 


|  The  first  step  was  the  calculation  of  the  dissociation  products  in  the 

$ 

shock  wave  corresponding  to  a  given  Initial  specific  volume  (v),  a  given 
compression  ratio  (v  /v),  and  an  assumed  shock  temperature  (T,) .  The  specie 

f  °  4-  £ 

considered  were  H2  H,  lL,  ,  H  and  c  .  The  method  used  follows  that  of  Cook, 
the  appropriate  chemical  equilibria  being  expressed  as  follows: 


H 


*5  1/2H2 

(1) 

h2+  +  €  " 

<2) 

.  )  (e  ) 

±*H+  +  £_ 

j 

*31  *  — — f1 

O) 

(H  )  (  O 

5  H  +  e* 

K  -  — Cfij F_1 

(H)  (  e  ) 

(4) 

where  a  (  )  signifies  the  concentration  of  the  enclosed  species  in  gram  atoms 

$  \ 

per  lOOg  of  the  initial  mixture,  hydrogen.  The  symbol,  F,  denotes;  the  fugaclty 

factor,  which  (since  the  ideal  gas  equation  applies  In  this  case)  has  the  value 


I 


F  ■  1/v 


(5) 


The  values  for'K^  as  a  function  of  temperature  are  listed  In  reference  (1). 

:The  remaining  K' s  were  calculated  from  Saha's  equation  expressed  In  the  form 

i 

f 


log  K  -  <-3024  I  )  /T  +  5/2  log  T  +  log  (g.ge  /g  )  -  6.47 

P  B  It  B 


(6) 


I 

s where  I  is  the  ionization  potential  in  electron  volts  and  g  g  ,  and  g  are 

j  ®  li  €  a 

| the  statistical  weights  of  the  ion,  the  electron,  and  the  atom,  respectively, 
’with  the  exception  of  reaction  (4)  where  g.  was  the  statistical  weight  of  the 

i  1 

; atom  and  g^  was  the  statistical  weight  of  the  negative  ion.  The  values  of  Ifl 

\ used  for  reactions  2,3  and  4  where  respectively  15.6,  13.53  and  0.75.  The 

f 

'?  K .  a  of  equations  2,3  and  A,  which  are  defined  in  termc  of  the  concentrations 
5  * 


b£  the  species,  are  related  to  the  partial  pressure  K^’s  °£  equation  (6) 
by  the  expression 

|  K  -  K  "l  (1.2181/T)"1  (7) 

|  1  P1 

|  Equations  1,2,3  and  4  nay  each  be  expressed  in  terms  of  two  Independent 
Variables.  The  variables  chosen  were  (H2)  and  (€  ),  the  result  being 

I  1/2  -1/2 

!  (H)-  73(1*2)  73-K3FA/‘4  (8) 


<H2+> 


730*V 


7 30  " 


(H+)  - 

(O 

CH')-732(H2)1/2(£") 


*32-K32K3F 


;The  series  of  relations  8,9,  10,  11  together  with  the  mass  balance  equations 
|  2H  +  H  +  H”  +  H  +  2H,  +  -  H  (12) 

t  Im  4  O 

|  +  . 

I  H2  +  H  -  H  -  e"  (13) 

fare  sufficient  to  define  the  species  fcor  each  given  set  of  conditions  (H 
\  o 

|  Is  the  number  of  gram  atoms  of  hydrogen  per  hundred  grams  of  gas) .  These 
I  equations,  being  non-linear,  were  solved  by  Iterative  methods.  The  procedure 
{was  facilitated,  however,  by  the  fact  that  'V  combining  equations  9,10,11  and 

'•f  m 

it  13,  (e  )  can  be  related  to  (H2)  as  follows: 

i  I ,'Z2-  r30(B2^  +  731  <V 

|  .  “I— ' ^  .  0*> 

{  V 

^  Thus,  for  the  desired  specific  volume  v  one  would, 

i  0 

I  (l)  select  the  compression  ratio  v  /v  for  which  the  shock  conditions 

I  were  desired,  v  being  the  specific  volume  under  shock  conditions.  The 
l  corresponding  fugacity  factor  was  then  calculated  from  equation  (5) . 


(3) 


where  T.  la  the  temperature  of  the  unBhocked  gas,  1/2 (p  +  p  )  (v  -v)  Is  the 
*  o  o 

Hugonlot  compressional  energy  and  Q  is  the  energy  of  chemical  reactions  in 
the  shock  wave#  By  means  of  the  ideal  gas  equation  of  state  which  is 
applicable  to  the  high  temperature,  relatively  low  pressure  conditions  of 
Interest  the  shock  pressure  was  calculated  using  the  "guessed"  value  of  the 


I  -- 

I 

I 


(2)  A  guess  was  then  made  of  the  shock  temperature  corresponding 
to  the  chosen  initial  specific  volume  and  the  compression  ratio. 

(3)  The  equilibrium  constants  were  calculated  from  equations  6  and  7 
and  the  7* s  from  equations  8,9,  10  and  11. 

(4)  A  value  for  (H^)  was  next  selected  and  the  corresponding  (e  ) 
calculated  from  equation  (14) . 

(5)  Through  use  of  equations  8,9,  10  and  11  (H),  (H^  ),(H  )  and  (H~) 
were,  calculated. 

(6)  These  values  were  substituted  into  the  mass  balance  equation  (12), 
the  solution  being  correct  when  this  equation  was  satisfied,  the  value  of 
(H^)  being  adjusted  to  facilitate  this. 

(7)  The  quantities  n,  Q  and  where  n  is  the  number  of  moles  of  gas 
at  shock  conditions,  Q  is  the  chemical  heat,  and  is  the  average  heat 
capacity  between  the  initial  and  the  final  temperature  were  calculated  per 
kilogram  of  gas  by  the  equations 

n  »  lOE^n 

«  "  10ZiniQi  (15) 

V  \ 

The  thermochemical  solution  must  be  consistent  with  hydrodynamics.  This 

occurs  when  the  "guessed"  value  of  the  shock  temperature  equals  the  value 

'%  -  'il 

that  actually  corresponds  to  the  initial  Specific  volume  and  the  compression 

•  ’  _  \  '  , 

ratio'  selected.  The  shock  temperature  is  given  by  the  relation 

T.  -  T.  +  U2(p  +  P0>(y’)  +  Q  .... 


<4> 


temperature,  the  chosen  specific  volume  under  the  shocked  conditions,  and 
the  number  of  moles  of  gas  from  the  thermochemical  calculations,  namely 

p  «  nHT2/v  ^ (17) 


With  this  computed  value  of  the  pressure  the  shock  temperature  could  then  be 
calculated  from  equation  16  using  the  and  Q  determined  from  the  thermo¬ 

chemical  calculations  (step  5  above) .  If  the  resulting  T2  was  the  same  as 
the  "guessed"  T2>  a  self  consistent  solution  had  been  obtained.  Otherwise, 
a  new  temperature  was  selected  and  the  whole  process  was  repeated  until 
agreement  was  achieved.  In  order  to  facilitate  the  rapid  convergence  of  the 
temperature  it  was  helpful  to  plot  the  "guessed"  T's  vs  the  resulting  T's 
calculated  from  equation  (16)  as  shown  in  Fig.  a. 


For  hydrogen  there  were  two  solutions  for  some  compression  ratios;  the 

i'  i- 

correct  solution  being  the  one  in  which  the  temperature  varied  correctly 
with  the  compression  ratio.  The  velocity  of  the  shock  wave  was  then 
obtained  from  the  well  know  equation 


V 


v  (p  -  Pc/72 

°  <vo  ‘  v> 


and  the  particle  velocity  from 

U  -  JL1I° - -  (19) 

pov. 

o 

ti 


(5) 


The  above  process  was  carried  out  for  a  sufficient  number  of  different 

compression  ratios  and  the  same  initial  specific  volume  that  fairly  accurate 

plots  of  the  results  could  be  made.  The  electrical  conductivities  were  then 

(121 

calculated  by  the  methods  of  Meyer.  ■ 

The  results  of  the  calculations  are  shown  graphically  in  Fig.  b  and 

tabulated  results  in  Table  i.  In  addition  to  the  calculations  for  the 

specific  volume  approximately  equal  to  atmospheric  pressure  one  calculation 

-3 

was  made  for  initial  conditions  corresponding  to  10  atmospheres  in  order 
to  compare  with  experimental  data  on  conduction  in  the  hydrogen  at  this 
pressure.  The  comparison  of  experimental  conduction  and  calculated  theoretical 
conduction  is  seen  in  Table  V  (in  body  of  the  report) . 
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